Introduction
Organophosphates (OPs), which are widely used as pesticides, are commonly known to be highly neurotoxin. [1] [2] [3] [4] [5] Among various organophosphorus pesticides, methyl parathion (O,O-dimethyl-O-(p-nitrophenyl) phosphorothioate, MP) as an effective broad-spectrum insecticide is widely used in agricultural, household and urban insecticides. 6, 7 The residue of MP in crops and the natural environment can be greatly harmful to human health throughout the gastrointestinal tract, respiratory tract, skin and mucous membrane absorption. 8, [9] [10] [11] It is thus of great importance to develop a selective, convenient and sensitive method for the detection of MP residue in crops. Up to now, the most widely used techniques for MP measurements are dependent on complicated instruments, such as gas chromatography (GC), 12, 13 high-performance liquid chromatography (HPLC), 14, 15 gas chromatography with mass spectrometry (GC/MS) 16 and liquid chromatography with mass spectrometry (LC/MS). 17, 18 However, such above-mentioned methods generally require extensive labor and analytical resources, and often result in a lengthy turnaround time, which limits their extensive applications in screen and online detection of the residue MP on occasions, such as farmers' market, which often need immediate results.
In the past few years, electrochemical sensors based on enzyme activities have been developed for the detection of organophosphate pesticide. [19] [20] [21] [22] [23] [24] For instance, biosensors based on the inhibition of acetylcholinesterase (AChE) have been reported to detect the organophosphate pesticide. [25] [26] [27] [28] Although this kind of biosensor has a high sensitivity, unfortunately there is a long analysis time, and AChE enzymes are liable to lose bioactivity. They are also not stable in a harsh environment, which greatly limits there scope of application and sensitivity. Thus, it still remains a great challenge to develop a rapid, sensitive, and especially inexpensive method for the in-screen and online detection of MP.
Electrochemiluminescence (ECL) is a light-emitting phenomenon with reactions generated on the surface of an electrode, that then undergo electro-transfer reactions to form exited states that emit light. 29, 30 With the low background, high sensitivity, easy operation procedure and simple instrument, ECL has been widely applied in both environmental and biological detection. [31] [32] [33] [34] [35] [36] Many ECL reagents, such as luminol, 37, 38 Tris(2,2′-bipyridyl) ruthenium(II) (Ru(bpy)3
2+
), 39, 40 and semiconductor nanocrystals (NPs) 31, 41 based ECL characteristics have been widely used to develop highly sensitive, selective and simple ECL sensors. Among the above ECL systems, the luminol-ECL system, due to its strong luminescence and high efficiency, is widely used.
In recent years, with the development of nanoscience and nanotechnology, a variety of metal oxide nanoparticles, such as SiO2, ZrO2, TiO2 and Al2O3 nanoparticles, have been applied as labels in nanoparticle-based amplification platforms, which can dramatically enhance the signal intensity of an electrochemical sensor, and lead to ultrasensitive bioassays. Zirconia (ZrO2) is an inorganic oxide with thermal stability, chemical inertness, A simple, rapid and sensitive electrochemiluminescence (ECL) sensor was proposed for direct measurements of methyl parathion (MP) based on the strong affinity of a nano zirconia particles (ZrO2 NPs) modified film on the electrode to the phosphoric group. ZrO2 NPs, which could provide a larger absorption area to immobilize organophosphorus, was firstly modified on the glassy carbon electrode surface to prepare the proposed ECL sensor (ZrO2/GC). Subsequently, the ZrO2/GC electrode was scanned from -0.8 to +0.6 V to obtain the background signal at 0.44 V in a luminol/KCl solution. Then, a certain concentration of MP was added to an aqueous solution for 240 s, which was absorbed onto the ZrO2/GC electrode surface. Moreover, the MP absorbed on the surface of the ZrO2/GC electrode enhanced the ECL signal of luminol in the luminol/KCl solution, which increased with the concentration of MP. As a result, a novel ECL sensor was obtained in a luminol/KCl solution. The MP was determined in the range of from 3.8 × 10 -11 to 3.8 × 10 -6 mol L -1 , with a low detection limit of 1.27 × 10 -11 mol L -1 (S/N = 3). The proposed ECL sensor performance for MP detection will open a new field in the application of rapid and screen detection of ultra-trace amounts of organ phosphorus pesticides (OPs) of vegetables used in farm markets. and lack of toxicity. 42, 43 Researchers have demonstrated that zirconia can provide a covalent anchoring point for the growth of phosphoric group interlayer connections, and afford a strong affinity for the phosphoric group. 42, 44, 45 This is specially true if nano-size ZrO2 particles (ZrO2 NPs) that were modified on the electrode can offer a large electrode surface area, and increase the interacting opportunities for OPs. Liu 42 and their coworkers described electrochemical sensing nitro aromatic OPs based on a gold electrode modified with ZrO2. The ZrO2 NPs-based electrochemical sensing protocol involves electro-dynamically depositing ZrO2 NPs onto a gold electrode surface, followed by Ops adsorption, and electrochemical stripping detection of adsorbed electroactive OPs.
Although the common electrochemical method has high sensitivity and selectivity, the surface of the electrode was vulnerable to pollution prone to changes in the peak potential, which limited its applications. However, the ECL generation of the reaction at the electrode surface, underwent electron-transfer reactions, and could effectively avoid impacts of the electrode. 46 We found in the experiment that MP absorbed on the surface of ZrO2 NPs can significantly enhance the ECL signal of luminol; the added value of the luminous signal was proportional to the concentration of MP that can be used for the quantification of MP. However, to the best of our knowledge, the use of ECL methods employing a ZrO2 modified electrode for signal detection has not yet been reported. Herein, in this paper, a sensitive ECL sensor for MP detection is reported. The ZrO2 NPs-based ECL sensor provided a convenient, low-cost, sensitive, and specific method for MP detection, which could be an alternative technique in the screen detection of MP residues in foods and vegetables in the farmer market place.
Experimental

Reagents and chemicals
Zirconia (ZrO2, 99.99%) was purchased from Aladdin (Aladdin Chemistry Co. Ltd.). Their 2 mg mL -1 stock solution was prepared by dissolving 20 mg of ZrO2 particles dispersed into 10 mL N,N-dimethylformamide (DMF). Luminol was obtained from Fluka (Sigma-Aldrich Co., Ltd.). A stock solution of 1.0 × 10 -2 M luminol was dissolved in 0.1 M NaOH, and then diluted with doubly distilled water without further purification. A 0.1 M solution of KCl was used as a supporting electrolyte, and also served as an adsorption medium during adsorption experiments. Methyl parathion (MP) was purchased from Sigma (Sigma-Aldrich Co., Ltd.). A stock solution of 3.8 × 10 -3 mol L -1 pesticides was prepared in acetone, and stored at 4 C in a refrigerator; we used 0.1 M KCl to dilute for the prepared working solution. All other reagents were obtained from Sinopharm Chemical Reagent Co., Ltd., and were of analytical reagent grade.
Apparatus
Electrochemiluminescence measurements were performed using a Model MPI-B electrochemiluminescence analyzer (Xi'an Remax, China). A three-electrode configuration was employed, consisting of a ZrO2 modified glassy carbon electrode (4 mm diameter) as a working electrode, and an Ag/AgCl/saturated KCl and a platinum wire working, respectively, as reference and counter electrodes. The voltage of the photomultiplier tube (PMT) was used to detect the emission light during potential scanning. The absorption capacity of MP by ZrO2 NPs was studied by means of a UV-spectrophotometer (TU-1901, Beijing). Plasma cleaner (Harrick Plasma Cleaner PDC-32G, Ithaca, NY), scanning electrode microscopy (SEM) was carried out using a Hitachi machine (S-4700N, Japan). All ECL experiments were carried out in a 5-mL quartz cell at room temperature.
Preparation of glassy carbon electrode modified with ZrO2 NPs
After 20 mg of zirconia was suspended in 10 mL of DMF, it was ultrasonic treated for 15 min, dispersed and stocked in the darkness before usage. Prior to modification, the glassy carbon electrode was first carefully polished to a mirror-like surface with 0.3 to 0.05 μm alumina slurry; then it was rinsed, and sonicated in ethanol and redistilled water. After that, the glassy carbon electrode was carefully treated by a plasma cleaning machine, which could make an electrode surface covering a large number of oxygen groups. 47 Before the experiment, the bare glassy carbon electrode was cyclic-potential scanned in the potential range -0.2 to 0.6 V in a 1.0 × 10 -3 M K3[Fe(CN)6] solution containing a 0.1 M KCl supporting electrolyte until a pair of well-define redox peaks were obtained.
Sequentially, as shown in Scheme 1, for the first step, a 10-μL of 2 mg mL -1 ZrO2/DMF (Scheme 1, A) suspension was dripped onto the surface of the clean glassy carbon electrode, and was allowed to by store in an air-dry condition at room temperature (20 C) to obtain the ZrO2/GC electrode.
ECL detection based on a ZrO2 NPs-modified GC electrode
For the next step, a ZrO2/GC electrode was dipped into a stirring 0.1 M KCl solution containing the desired concentration of MP pesticides for 240 s (Scheme 1, B1); then, the electrode was carefully washed with doubly distilled water, and then transferred to a 5-mL electrochemical-cell containing 1.0 × 10 -5 M luminol and 0.1 M KCl as the supporting electrolyte (Scheme 1, C). Cyclic voltammetry experiments were conducted with a three-electrode system for electrochemical measurements, and the potential was scanned from -0.8 to +0.6 V with a scan rate of 100 mV/s. At the same time, the ECL emission intensity (IECL) was recorded by a MPI-B multifunctional chemiluminescence analyzer; the photomultiplier tube (PMT) was set at 650 V. The concentration of MP was quantified by the net ECL emission intensity (∆IECL), which was obtained by subtracting the blank ECL emission intensity (Scheme 1, B2) from that of the standard MP solution.
Regeneration of electrode surface
After an ECL measurement, ZrO2/GC prepared in 0.5 M NaOH/CH3OH was used to remove the residue MP on the surface of the modified electrode, until the ECL signal became stable in the original luminol solution. The electrode could be used for the next determination.
Results and Discussion
Characterizations of a zirconia nanopaticles modified electrode Figure 1 shows a scanning electron microscope (SEM) image of ZrO2/GC. As shown in Fig. 1 , the ZrO2 NPs was dispersed on the modified electrode and constructed of a thin film and a rough surface, and provided a large surface area to adsorb the MP molecules at the modified electrode. In addition, we further confirmed the ZrO2 NPs modified on the surface of the electrode. Cyclic voltammogram of both the GC and ZrO2/GC electrodes were performed in 1.0 × 10 -3 M K3[Fe(CN)6] contained 0.1 M KCl. The results indicate that the cyclic voltammogram at the GC electrode shows a pair of redox peaks with a potential difference (∆Ep) of 80 mV; the ratio of the peak currents was about 1:1. According to the Nernst equation, it showed that the surface of the electrode was a reversible state. After ZrO2 NPs were modified on the electrode surface, the peak current decreased due to the nano-zirconia baffle electron transfer; the surface of electrode changed into a state of irreversible.
Electrochemiluminescence behavior of absorbed methyl parathion on ZrO2/GC
The electrochemical and ECL behaviors of luminol at the bare GC and ZrO2/GC electrode in the absence and presence of MP were, respectively, investigated. Figure 2 shows cyclic voltammograms and corresponding ECL-potential curves of luminol at the ZrO2/GC (A) and bare GC electrode (B) in the absence and prenence of 3.8 × 10 -8 mol L -1 MP. The potential range applied to the working electrode for ECL measurements was from -0.6 to +0.8 V (inset of Fig. 2A ) at 100 mV/s, and the voltage of PMT was biased at 650 V. The inset of Fig. 2A shows an irreversible CV curve; the anodic peak (Epa, +0.44 V) corresponds to the reaction of the electrode surface, connected with the ECL emission of generate a potential starting at Epa = 0.34 V. The ECL emission intensity reached the highest peak potential at Epa = 0.44 V (Fig. 2A, a, b) . The ECL signal of the ZrO2/GC electrode, enriched in the MP for 240 s was applied and is shown in Fig. 2A, a . Before being applied in the ZrO2/GC/MP ECL experiment, the ZrO2/GC ECL experiment was used to obtain a background signal (Fig 2A, b) for a comparison. As shown in Fig. 2B , a GC/MP (Fig. 2B, a) and GC electrode (Fig. 2B, b ) was used to perform the same experiment as the ZrO2 modified electrode. Figure 2A (a and b) shows that the ECL intensity was 8517 and 4402 (arb. unit). It obvious that the ECL emission signals (∆IECL) were significantly enhanced by about 2-fold. Compared with Fig. 2B  (a and b) , the modified electrode significantly showed superiority to enriched MP and to achieve detection.
For constructing the ZrO2/GC electrode, ZrO2 particles were used as recognition elements for the selective adsorption of MP from the mixture solution. Therefore, the ZrO2 particles were first evaluated by measurements of their rebinding capacities to MP molecules. With 25 mg of ZrO2 particles ultrasonically dispersed in 25 mL of 3.8 × 10 -5 mol L -1 MP, and at a stirring rate at 500 rpm to bond the MP of the solution. We calculated the absorbance of MP with the temporal evolution which remained in the solution. The rebinding capacities of ZrO2 can be calculated from the total MP and the residue of MP. As shown in Fig. 3 , the temporal evolution of the MP amount was bound by the ZrO2 particles (Fig. 3, ) . The maximum of the rebinding capacity under the equilibrium condition was about 4.5 μmol for 25 mg of the ZrO2 particles. Before equilibrium adsorption was reached, the ZrO2 particles could bind the MP molecules from the solution phase at a linear increase according to the time (insert of Fig. 3, ) . The ZrO2 particles took up 50% of the equilibrium adsorption amount for about ~30 min, and underwent equilibrium time periods shorter than ~60 min (Fig. 3, ) . Usually, rapid binding kinetics requires a higher surface-to-volume ratio, which provides a higher site accessibility and lower mass-transfer resistance. Therefore, the higher binding capacity and the faster kinetics of the ZrO2 particles would be suitable to be used as recognition elements in the modified electrode.
Optimization of the experimental condition
In the base solution, the ECL emission signal in systems genereated in luminol/KCl solution were recorded by a PMT. The background ECL emission was obtained with the luminol/KCl, and a stronger ECL emission was recorded with a PMT when MP was adsorbed into the luminol/KCl solution. The peak heights of ECL emission were proportional to the concentration of MP. In a neutral condition, the effect of the pH of the luminol solution on the ECL intensity was studied in the range of 6.0 to 9.0. Firstly, the ECL intensity increased with a range of 6.0 to 7.5 and then decreased over the 7.5 (Fig. 4A) .
Therefore, the pH of the luminol/KCl system was controlled at 7.5. Furthermore, the effect of the luminol concentration was examined from 1.0 × 10 -6 to 1.0 × 10 -4 mol L -1
. The ECL intensity increased with raising the concentration of luminol; then, when the luminol concentration was increasing, the background of the ECL intensity was also increasing. To obtain the best concentration of luminol, ∆IECL (Is -I0) was used to evaluate the MP/ZrO2/GC and ZrO2/GC electrode in the basic solution. Where Is and I0 were the MP/ZrO2/GC and ZrO2/GC electrode perform in the 0.1 M KCl/concentration luminol, and control pH at 7.5. As shown in Fig. 4B , it was found that the ECL intensity increased with the concentration of luminol, starting at 1.0 × 10 -6 mol L -1 and ending at 1.0 × 10 -5 mol L -1 .
, the ECL intensity remained stable, and the background of the ECL intensity increased with increasing the concentration of luminol, which ∆IECL decreased. Thus, 1.0 × 10 -5 mol L -1 luminol was used for further work. Similarly, the effect of the potential of the PMT was examined from 500 to 800 V; the ECL intensity reached the maximum with a better S/N ratio when the potential of the PMT was 650 V.
Effect of the accumulation time
One of the most important issues is the effect of the adsorption time on the fresh surface of ZrO2 particles. This was investigated (Fig. 5) to enrich the MP molecules accumulation on a modified electrode. After adsorbent molecules were removed from the surface of ZrO2, the ZrO2/GC electrode was incubated in a stirred 0.1 M KCl solution containing 7.6 × 10 -9 mol L -1 MP for different accumulation times. The ECL measurements were, respectively, taken in 0.1 M KCl containing 1.0 × 10 -5 mol L -1 luminol (pH 7.5). We then, respectively, recorded the ECL intensity. Figure 5 shows the relationship between the ECL intensity and the adsorbent time, which was studied in the range of 30 to 600 s. The ECL emission heights increased rapidly with the accumulation in the first 240 s; a stable response was obtained after 240 s, suggesting that adsorption equilibrium was reached. Thus, the optimum accumulation time should be 240 s for the determination of MP.
Selectivity of the ZnO2 NPs modified GC electrode
The selectivity of the ZrO2/GC electrode to MP was evaluated by testing its ECL measurement responses in the presence of some possible interfering substances.
These interfering substances included nitrobenzene, thifensulfuon (THF), and inorganic ions (SO4 2-, NO3 -, PO4 3-), respectively. Separate adsorbing experiments were performed with 3. 3-. The selectivity of the ZnO2 NPs modified GC electrode to MP molecules was evaluated by calculating the ECL intensity ratio (I′/Is), where I′ and Is are the ECL intensity of MP in the presence and absence of interfering substances. As shown in Fig. 6 , the ECL intensity of the present interfering substance hardly caused a significant change in the ECL intensity, in which the ECL intensity ratio only slightly varied from 0.93 to 1.07 (Fig. 6) . The interfering substance caused a change of ±7% in the ECL intensity reading; these results indicate that the substance had no obvious interference on MP detection. To study the stability of ECL sensors, the modified electrode was immersed in 3.8 × 10 -9 mol L -1 MP containing a 0.1 M KCl solution for 240 s. The ECL emission generated in the 1.0 × 10 -5 M luminol containing 0.1 M KCl with the instrument condition was as follows: scan rate, 100 mV/s; scan range, performed from -0.8 to +0.6 V; PMT potential, 650 V. Due to its anti-fouling capability, the modified electrode often avoids these drawbacks, which suffer from interferences or surface fouling by products arising from follow-up reactions. 48 Figure 7 shows the modified electrode continuous potential when scanning for 11 cycles.
The relative standard deviation (RSD) was less than 1.2%, suggesting good reproducibility and stability of the ECL signal at the ZnO2 NPs modified electrode. The result was likely that the nano ZrO2 has large specific surface, which could stably absorb MPs on the electrode surface. The ZrO2/GC electrode was stored in a dry environment at room temperature when not used; the lifetime of the ZrO2/GC electrode was investigated by measuring the ECL emission responses for 3.8 × 10 -9 mol L -1 MP. The response of the ZrO2/GC electrode decreased to 92% after storing for 10 days, and 82% of the original responses were retained after 20 days.
Analytical performance
For investigating of its applications in MP determinations, the ECL response of MP at different concentrations was investigated. Figure 8 displays the ECL intensity of the ZrO2/GC electrode incubated in increasing concentrations of a MP solution under the optimum experimental conditions. As shown in the insert of Fig. 8, a linear relationship between the logarithm of the ECL intensity (∆IECL) and the logarithm of the MP concentration was obtained, covering the concentration range from 3.8 × 10 -11 to 3.8 × 10 -6 mol L -1 . The linear regression equation was found to be log(∆IECL) = 4.2588 + 0.0461log C (mol L -1 ) with a correlation coefficient of 0.9779. A detection of limit of 1.27 × 10 -11 mol L -1 was estimated based on an S/N of 3. The relative standard deviation (n = 7) was 3.5% for 3.8 × 10 -9 mol L -1 MP. This is about 1 -2 orders of magnitude lower than that by the conventional CV method. It can thus provide a simple and sensitive method. Table 1 shows a comparison of the proposed method with other reported methods. It can be seen in Table 1 that the ECL measurement was much better than these methods for low-limit detection, a wide detection range, simple instruments and a fast time of analysis. It demonstrated that the application of the ZrO2/GC electrode could be significantly used to exploit for the enrichment and detection of ultra-trace MP in the environment.
Conclusion
Based on the strong zirconia affinity to the phosphoric group, ECL emission signals were significantly enhanced in a luminol/KCl solution. It was found that the ECL intensity of luminol at the ZrO2/GC electrode could be strikingly enhanced by the absorbed MP. A ZrO2 NPs based on an ECL sensor was obtained. The proposed ECL method is significant with regard to the development of a rapid, simple, sensitive, and broad determination range (3.8 × 10 -11 to 3.8 × 10 -6 mol L -1 MP) testing method for MP detection. Especially, compared with conventional methods, the proposed method not only consumed a small amount of the sample and reagent, but also eliminated the interference without any sample pretreatment. The model of the automatic analyzer employed in this study is inexpensive, small and easily portable. The proposed method had been successfully applied to determine MP in vegetables. It can provide a convenient, low-cost, sensitive, and specific method for OPs detection, which could be an alternative technique in the screen detection of OPs residues in foods and vegetables in farmer markets. , 3.8 × 10 -6 M, respectively. The ECL measurement detection conditions were the same as in Fig. 3 . Ref. a. Gas chromatography (GC), high-performance liquid chromato graphy with chemiluminescence detection (HPLC-CL), and cyclic voltammetry (CV).
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